Exoplanet Science of Nearby Stars on a
UV /Visible Astrophysics Mission

1 Objective

Exoplanet science is an exciting field that atsantny young scientists, stimulates a flood of
science papers, and yields new exoplanet discavdaity. Moreover, it addresses one of the
fundamental questions of our civilization: “Are a®ne?”

Exoplanet science includes (1) discovering exopar{2) measuring their properties, and (3)
studying the processes of their origin and evotutithe answers will complete the astrophysical
picture of our origins, from the Big Bang, to galdermation, star formation, and finally planet
formation. However, exoplanet science can go fuythecause we also have the ability to detect
evidence of life on a planet. So while it addredsaditional astrophysics concerns, it also
uniquely connects directly with people and thegwiof themselves in the universe.

Growth in exoplanet science can be measured byntneasing number of refereed publications
in the field. In the 20 years up to about 1994,rthmber of science papers per year had a
doubling time of about 11 years. In the next decageo about 2004 when exoplanet
discoveries began to accumulate, the doubling shrank dramatically, to about 3 years. In the
time since about 2004, the field has matured, amtbubling about every 5 years. The current
rate of publication is about 1700 papers per year.

For all these reasons, exoplanet science is arstome of NASA'’s strategic plan. The
Astrophysics Division asks “What are the charast®as$ of planetary systems orbiting other
stars, and do they harbor life?” The Cosmic Originsgram (COR) asks “What are the
mechanisms by which stars and their planetary systerm?” The Exoplanet Exploration
Program (EXEP) seeks “to advance our understaradiptanets and planetary systems around
other stars” and “to extend this exploration todleéection of habitable, Earth-like planets
around other stars, to determine how common suaefs are, and to search for indicators that
they might harbor life” (2010 Science Plan, p. 62).

Observations of exoplanets can be approached &yge rof techniques, from small to large in
scope. Successful ground-based projects includal naglocity observations, searches for

transiting planets, transit timing observationgcpscopy of transiting planets, gravitational
microlensing searches, and direct imaging of yagemggiant planets in large-diameter orbits.

The closest 100-200 solar-like stars are a prinmihg ground for exoplanet detection and
characterization and to search for signatured@flli is here that direct-imaging techniques find
their best use. By giving us an opportunity forselaup study of these planets, direct imaging
promises a wealth of new information. It is appbleato a wide range of planetary systems,
including analogs of solar system planets from \éetouSaturn.

A space telescope is required for direct imagingoky planets in solar system analogs around
nearby stars, because atmospheric blurring malkesséntially impossible to achieve the
necessary contrast with current ground-based tbesc Since both ultraviolet astronomy and



direct imaging of exoplanets require space platiyramd since both sciences require a nominally
conventional telescope, it makes sense to invdstighether these fields could share a common
telescope mission, essentially sharing the costdyuof the central facility. This white paper
explores the concept of such a shared space mission

2 History of COPAG-ExoPAG collaboration

The following is a summary of ongoing discussioasngen the Exoplanet Program Analysis
Group (ExoPAG) and the Cosmic Origins Program Asialysroup (COPAG) beginning with a
meeting on April 26, 2011 at the Space Telescopenge Institute (Baltimore, MD)on the
topic of compatibility of the ExoPAG and COPAG massconcepts. This meeting was also
summarized in a public meeting of the ExoPAG ineJ@811 (Kastind. This was followed by a
joint meeting of the full ExoPAG and COPAG in Jaru2012 at the AAS meetin.

The ExoPAG continues to share the COPAG's inteneat‘flagship class” optical and UV
telescope of 4m diameter and larger, which coutdesas a key tool in the effort for direct
detection and characterization of planets downaxtEsize orbiting nearby F, G, and K stars.
Pursuant to that, we have assembled a draft detvafl 1 science requirements for a visible light
direct detection mission, often called TerrestAknet Finder or TPF. These have been
developed in discussions of Study Analysis GroyAG5) on open teleconferences, but have
not yet been formally approved by the community ttwatributed to them. This draft report is
given as an appendix below, and its key featuresammarized here.

Two candidate implementations of direct detectiod eharacterization of exoplanets in visible
light are an internal coronagraph instrument anéxdarnal starshade. The choice between them
is an extremely complex one, for which we don’tlyave enough information. But briefly,

e the starshade option requires a separate spaceckidick the host-star’s light, which
entails some significant engineering challengesjths compatible with a completely
generic optical-UV telescope with simple instrunsent

e the internal coronagraph involves a more complénse instrument, but with promising
technology readiness, and enjoys single-spacempafiation; but its stability
requirements on the telescope are very challengiitly,corresponding technology
development challenges. And some coronagraph sgesmcompatible with
obscurations and segmentation.

In light of these uncertainties, and the very ddfd strengths and weaknesses of these options,
we have selected an unusual way of defining o@nse requirements. This is reflected in the
structure of Musts and Discriminators rather thaniMium and Baseline mission requirements,
as explained in the Appendix. This structure amddbrresponding decision process allow a
thoughtful and deliberate decision among optioas ¢lan be difficult to compare sensibly any
other way.

" http://exep.jpl.nasa.gov/exopag/exopagCopagJointikipeand
http://cor.gsfc.nasa.gov/copag/mtgs/stsci_apr2011/

T http://exep.jpl.nasa.gov/files/exep/Kasting_ Revied@f%20ExoPAG COPAG.pdf

* http://exep.jpl.nasa.gov/exopag/exopags/agendar the bottom.




3 Description of Exoplanet Science I nvestigation

Direct imaging of nearby planetary systems willl@deahree broad science areas: (1) detection
of individual exoplanets; (2) spectral charactdraaof those exoplanets, including searching
for signs of life; and (3) investigation of thegiri and ultimate fate of planetary systems.

The detection of individual exoplanets requiresgh ltontrast imaging capability (e.g. internal
coronagraph or external starshade), and can bempdished with only a few snapshot images of
the area around a star. (Multiple images are neddectrify that the planet image moves with
the star and is not a background object.) Thesmdesy images are sufficient to catalog and
identify planets for follow-up study, and for irdtiestimates of planet type, using rough metrics
such as brightness and color.

The spectral characterization of individual exoplarbegins with a longer observation for
modest resolution spectroscopyd. ~ 70-100), and should be followed by observatiorer av
time span approaching or exceeding an orbital geteobtain position, photometry, and
spectroscopy as a function of time. The resultiegdure trove of data gives us the key orbital
elements (semi-major axis, inclination, eccentyjci more solid determination of the type of
planet (gas giant, ice giant, terrestrial), anneate of the state of the atmosphere (gas
composition, clouds, variability), a possible esttenof weather (variability of atmosphere), an
informed guess as to the mass (combining the typ&aoet and brightness, with models), an
accurate estimate of the mass (intensively applsangal velocity measurements), an estimate of
radius and density (from brightness, type, mass,naodels), and for terrestrial planets an
estimate of habitability (temperature, water abumeéalikelihood of a solid surface) and signs of
life (oxygen, ozone, chlorophyll spectra).

The investigation of the origin and evolution chipétary systems combines the information

from the detection and characterization phases avittexperience with the thousands of planets
and candidates in the Corot, Kepler, RV, and gaéiaihal microlensing surveys, and our
knowledge of the specific planet-disk and planeaiapt orbital interactions that are implied from
many of the precise timing events from Kepler. Tdrisa also draws on knowledge of the
masses, orbits, and orbital evolution within ouassystem. Theoretical modeling is obviously

of fundamental importance in tying together allshstrands. The goal of this phase of
investigation is a unifying picture of the birthvodution, and ultimate fate of planetary systems.
This goal will elevate planetary science to a lexfainderstanding and completeness comparable
to that of present-day stellar astrophysics, gelastolution, and cosmology.

4 Ultraviolet-Exoplanet Synergy

There are mission synergies as well as scienfffieigies connecting ultraviolet and exoplanet
sciences. The most obvious of these is sharingeesiglescope mission. Relevant mission
aspects include telescope size, telescope typeyraitd

There is no strict requirement on telescope sz feither science area, because both sciences
have outstanding science that they can pursuecim&ae range. For example, for 1-2 m
diameter telescopes, UV science could gain comparpdevious missions if the optical
efficiency were improved, a realistic possibilitygn current work in detectors and mirror
coatings. Likewise exoplanet science could purssible-wavelength direct imaging and
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spectroscopy of giant planets beyond the snow éind,could expand that harvest by also
imaging in the UV, a little-explored spectral regifmr exoplanets. With a 2-4 m telescope, UV
science would further benefit from the improvedwaagresolution, pushing well beyond current
capabilities. Likewise exoplanet science would gh@ability to directly image smaller planets
well inside the snow line, reaching as far as thigitable zone in many stars, thus enabling direct
searches for habitable terrestrial planets. Antié4-8 m and larger class, both sciences would
gain tremendously from the increased grasp of rdmtant objects, and the improved signal
strength that would drastically reduce observinges for exoplanets, for example. (The
Appendix shows our first effort to develop matueguirements for exoplanet missions,
beginning with the largest of these classes.)

Regarding telescope type, both sciences coul@e@tionventional on-axis telescopes, but both
would benefit substantially from the reduced dittran of an off-axis system. One stumbling
block to date has been the lack of a mirror codtirag would provide high reflectivity at
wavelengths as short as 100 nm, while at the sengegiving acceptably small polarization
effects in the visible, as needed for internal nagraphs; however research in this area is
promising, So coatings are not expected to be dafonental problem.

UV and exoplanet sciences would both benefit franh2 or drift-away orbit. For UV science, it
is advantageous to be far from the Earth’s geo@rand for exoplanet science the key
requirement is a stable thermal environment (foinégrnal coronagraph) or a free-flyer friendly
environment (for an external coronagraph).

There are additional science synergies of mutuagfite If simultaneous UV and exoplanet
science observations are implemented, then theiéld¥sfaround nearby exoplanet target stars
can be imaged with extremely deep exposures, panmgithe UV equivalent of the Hubble deep
fields. And exoplanet science can capitalize orctgability of the telescope optics to deliver
UV images to the coronagraph detectors and speetsys) thus allowing a search for UV-active
atmospheric constituents, for example ozone onresteial planet.

5 Telescope Characteristicsand Driversfor Exoplanet Science:

It is premature to attempt a detailed discussiomoa¥ a flagship-class starshade or coronagraph
mission might impact a flagship COR mission. Bugsi are the principal features of our
telescope requirements:

e Wavelength passband 0.5 to 0.8 um, with extra via@uextending to 1 um and toward
the UV. (Much of the burden for providing this plaasd falls on the exoplanet
instruments themselves.)

e Aperture diameter of order 4 meters and largers Thuld be smaller, with
corresponding descopes in science. It could betavgth some impact on telescope
stability and substantial impact on cost. Obscaratiand segmentation are compatible
with some of our options but not others; technologpdiness of those options will drive
our decision at least as much as obscurationsegrdentation.



¢ Diffraction limited point spread function in a naw FOV, roughly 1 sq. arcsec. Some
options demand stringent optomechanical stabistwall.

Happily, the UV-optical community and the exoplaseience community are consonant in what
they each consider a flagship-class mission.

The telescope size has implications for the aviglakoplanet options, but there is no firm
association of starshades with larger telescopeiaating suggestédSegmentation and
obscurations, which are a natural engineering mespto larger sizes, do force us to drop
consideration of some types of coronagraph instnin@ad currently that affects the technology
readiness picture.

6 Summary

Exoplanet science is compatible with UV-opticaraghysics in wavelength range, telescope
size, wavefront quality, coatings, and operatiatsduling. We see this as an excellent
opportunity to use one telescope to support bathafescience objectives.

Charley Noecker
charley.noecker@jpl.nasa.gov
818-393-2867
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NASA ExoPAG Study Analysis Group #5:
Flagship Exoplanet Imaging Mission
Science Goals and Requirements Report

T. Greene and C. Noecker for the ExXoPAG SAG #5 Team
DRAFT 7 August 2012

Abstract

The NASA Exoplanet Program Analysis Group (ExoPAG3 undertaken an effort to define mission
Level 1 requirements for exoplanet direct detectiossions at a range of sizes. This report outlihes
science goals and requirements for the next exepfaygship imaging and spectroscopy mission as
determined by the flagship mission Study Analysisup (SAG) of the NASA Exoplanet Program
Analysis Group (ExoPAG). We expect that these gaatsrequirements will be used to evaluate
specific architectures for a future flagship exoplaimaging and spectroscopy mission, and we expect
this effort to serve as a guide and template foilar goals and requirements for smaller missians,
effort that we expect will begin soon. These gaeald requirements were discussed, determined, and
documented over a 1 year period with contributimos approximately 60 volunteer exoplanet
scientists, technologists, and engineers. Numemesonferences, emails, and several in-person
meetings were conducted to progress on this taskltmg in creating and improving drafts of missio
science goals and requirements. That work has é@&imented in this report as a set of science goals
more detailed objectives, and specific requiremeiitis deliberate flow-down and linkage between
each of these sets. The specific requirements lhese developed in two categories: “Musts” are non-
negotiable hard requirements, while “Discriminatgtjuirements assign value to performance in areas
beyond the floor values set by the “Musts.” We d@di that this framework and content will ensure tha
this report will be valuable when applied to futanession evaluation activities. We envision thag an
future exoplanet imaging flagship mission must &lsa@apable of conducting a broad range of other
observational astrophysics. We do not set requingsrfer this other science in this report but expec
that this will be done by the NASA Cosmic Origin®§am Analysis Group (COPAG).

1 Introduction

In February 2011 a single study analysis group (p&Ghe NASA Exoplanet Program Analysis
Group (ExoPAG) was created to engage the sciertiiemunity in outlining the science goals and
requirements for the next exoplanet flagship imggind spectroscopy mission. By this time the
Exoplanet Exploration Program had resolved that NABould not continue to invest in infrared
interferometry as a possible architecture for thission. Instead, single-aperture visible telescopes
with internal coronagraphs or external starshada® yudged to be the most viable candidate
architectures. ExXoPAG SAG #5 was tasked with defjrihe science goals and requirements for a
flagship imaging mission in the 2020 decade in & that was independent of specific mission

" Infrared interferometry is still considered a \@huture technology for characterizing exoplanatd the suite of
atmospheric biomarker gases that might be detedtdtbrmal-IR wavelengths is complementary to thinghe
visible/near-IR; and so ultimately any potentidigbitable planet that is found should be studidabith wavelength ranges.
But NASA and the ExoPAG community believe that sible/near-IR direct imaging mission is probablgieaand

cheaper, and should be done first.
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architectures, although, for example, we expedtahalescope aperture of at least 4 m will be
required. The NASA astrophysics community also eipthe next exoplanet flagship mission to serve
as the flagship mission for NASA optical and UVraphysics as suggested in the New Worlds, New
Horizons Decadal Survey report. The ExoPAG andZtbemic Origins Program Analysis Group
(COPAG) have endorsed this notion, and the COPAS=aljeeed to develop the non-exoplanet
requirements for this mission.

1.1 Scope of this Report

This document outlines the comprehensive scienatsgmore detailed objectives, and initial Level 1
science and mission requirements for the next NA&g#ship exoplanet mission as determined by this
exoplanet flagship SAG. The Science Goals are gésttements of what science is intended to be
achieved by this mission. These are made morefgpecthe derived list of Objectives, and then eve
more specific in the list of requirements. The SceeGoals and Objectives can be considered Level O
and 0.5 descriptions that define the Level 1 resqnents.

The work done for this report exploits and builg®m the significant amount of work done over the
past decade to define science goals, requiremamdsnission architectures for future exoplanet
imaging missions. We have particularly leveragedTarrestrial Planet Finder-Coronagraph (TPF-C)
Science and Technology Definition Team (STDT) répaompleted in 2006. The ExoPAG document
“Points of Scientific Agreement” was drafted shpsfter the January 2011 ExoPAG meeting and
served as a starting point for defining what exogtaharacteristics should be characterized
(atmospheric spectral features, orbit, mass). @lbatiment was also used to develop the highest level
mission statement and scientific goals for thisrep

We expect that a mission concept capable of aaigetfiese goals — as well as significant other
astrophysics ones — will be documented and predeotine 2020 Astronomy and Astrophysics
Decadal Survey. There are no goals, objectivesewel 1 requirements for any astrophysics fields
beyond exoplanets included in this document; wesexfhat the COPAG will provide those at a later
date.

1.2 Processes and People

Many people throughout the greater exoplanet seiand technology communities contributed to the
work in this report. Participants were invited éinjat the January and June 2011 ExoPAG meetings
and were also solicited by the Exoplanet Progrdmeofia email distribution in February 2011 and vi
the EXOPAG web site. We had preliminary discussioagmail and one teleconference in May 2011
before deciding on an approach for the task aftime 2011 ExoPAG meeting in Alexandria, VA.
There we decided to adopt a hierarchical set @nsee goals, science objectives, and requiremetits wi
clear flow-down and linkage between these elements.

We also decided then to adopt a two tiered Levelglirements structure, with a minimal set of firm
requirements that must be met (“Musts” in our parég and a set of “Discriminator” requirements that
assign value to improving performance beyond osidatof the Must requirement values. This
structure was adopted to enable quantitative sg@irtompeting mission architectures (e.g.,
coronagraphs and starshades) using Kepner-Tregth®dse Eventually, weights will be assigned to
Discriminators according to their scientific, tedal, or programmatic importance. In the presentkwo
Musts and Discriminators were selected to be sjgemifough that they correspond to concrete figures
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of merit. We have identified Discriminators but didt assign weights to them, because the flagship
mission is still far in the future; scientific atechnical progress before its launch will change th
scientific values of any weights and impact thesiiedity of achieving desired performance.

The overarching aspiration, science goals, sciebgtives, and Must / Discriminator requiremerits o
the mission were developed during and after the 2011 ExoPAG meeting with much input and
discussion from the community. We drafted an ihitigssion statement, science goals, and science
objectives and posted them for discussion to oormaanity discussion board, the ExoPAG Flagship
Mission Requirements SAG Yahoo Group. Two telecanrfees were held in the summer of 2011
where the members of the SAG commented and itetgted these drafts. Nearly 60 people (see Table
1) ultimately joined this effort. We reached cormeon these components of the report by August
2011, and then we drafted and refined the Mustdaasctiminator Requirements from September
through December. We reported out on these eféodsthe resulting body of work at the January 2012
ExoPAG meeting where this process and product wdsreed.

Table 1: List of SAG participants

Daniel Apai Jeremy Kasdin Jagmit Sandhy
Jean-CharlesAugereau James Kastingl Gene Serabyn
Rus Belikov John Krist Stuart Shaklan
Jeff Booth Marie Levine Michael Shao

Jim BreckinridgeChuck Lillie Erin Smith

Kerri Cahoy Doug Lisman | Arif Solmaz
Webster Cash Carey Lisse Rémi Soummer
Joseph Catanzarite Amy Lo Bill Sparks
Supriya Chakrabarti Rick Lyon Karl Stapelfeldt
Mark Clampin Avi Mandell | Angelle  Tanner
Denis Defrere Joe Marley Domeniclenerelli
Michael Devirian Mark  Marley | Wesley  Traub
Tiffany Glassman MichaeMcElwain|John Trauger
Tom Greene Charle\Noecker | Zlatan Tsvetangv
Olivier Guyon Pascal Petit Maggie  Turnbul|
halleyguy Joe Pitman Steve Unwin
Sally Heap Marc  Postman Robert Vanderpel
Douglas Hudgins David Redding Amir Vosteer
Lisa Kalteneggern Aki Robergel Darren Williams

2 Science Goals

The primary scientific goal of the exoplanet flaigsimission is detecting and spectroscopically
characterizing at least one Earth-sized plandterhabitable zone of a nearby Sun-like star. We hav
also expressed this inMission Statement for a broad, non-specialist audience:

This mission will find potentially habitable plasednd planetary systems orbiting nearby stars.
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The mission’s more speciffscience Goals are:

Goal 1: Determine the overall architectures of a sampleeairby planetary systems. This includes
determining the numbers, brightnesses, locatiarg pgbits of terrestrial to giant planets and
characterizing exozodiacal dust structures in regfoom habitable zones to ice lines and
beyond. This information will also provide cluesth@ formation and evolution of these
planetary systems.

Goal 2: Determine or constrain the atmospheric compostairdiscovered planets, from giants down
to terrestrial planets. Assess habitability of sdaereestrial planets, including searching for
spectral signatures of molecules and chemical diBbgum consistent with the presence of
life. Determining or constraining surface compasis of terrestrial planets is desirable but is
not strictly required.

Goal 3: Determining or constraining planetary radii andsees are stretch goals of this mission. These
are not strictly required. However, measuring radil masses would provide a better
understanding of detected planets, significanttyeasing the scientific impact of this mission.

3 Science Objectives

TheseScience Goals are now broken down infObjectives that serve as the basis for the mission's
exoplanet systems requirements.

Objective 1. Directly detect terrestrial planets that existhivitthe habitable zones around nearby stars
or, alternatively, observe a large enough sampleeafby systems to show with high
confidence that terrestrial planets are not present

Objective 2: Measure or constrain orbital parameters (semi-nm&{s and eccentricity) for as many
discovered planets as possible, especially th@esttow evidence of habitability.

Objective 3: Obtain absolute photometry in at least three bepattral bands for the majority of
detected planets. This information can eventuadlyi®ed, in conjunction with orbital distance
and planet radius, to constrain planetary albedos.

Objective 4. Distinguish among different types of planets, Bativeen planets and other objects,
through relative motion and broadband measurenoémanet color.

Objective 5: Determining or constraining planetary massesghliidesired but not required.
Determining masses would allow estimates of plagetdii to be made, thereby enabling
calculation of planetary albedos (Objective 3).

Objective 6: Characterize at least some detected terresteakfd spectroscopically, searching for
absorption caused by,(0;, H,0O, and possibly C@and CH. Distinguish between Jupiter-like
and HO-dominated atmospheres of any super-Earth plagat$h information may provide
evidence of habitability and even of life itsele&8ch for Rayleigh scattering to constrain
surface pressure.
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Objective 7: Directly detect giant planets of Neptune's siz&agger and having Jupiter’s albedo in
systems searched for terrestrial planets. Giamsldlbe detectable within the habitable zone
and out to a radius of at least 3 times the owbrtable zone radius .

Objective 8: Characterize some detected giant planets specopiasdly, searching for the absorption
features of Chland HO. Distinguish between ice and gas giants, asasgedtletween Jupiter-
like and HO-dominated atmospheres of any mini-Neptune planets

Objective 9: Measure the location, density, and extent of gasiicles around nearby stars in order to
identify planetesimal belts and understand delivryolatiles to inner solar systems.

Objective 10: In dusty systems, detect and measure substruatittéa dusty debris that can be used
to infer the presence of unseen planets.

Objective 11: Understand the time evolution of circumstellakdgsoperties around a wider star
sample at greater distances, from early protoptapetages through mature main sequence

debris disks.
The above Science Goals and Objectives are redatéallows:
Science Objectives
Science Goals 1 2 3 4 5 6 7 8 9] 10 11
1. Architectures | v | v v | v v v | v |V
2. Compositions VIV |V v
3. Masses & radi v | v |V v

Note that every row and column has at least onekrhark.

4 Level 1 Requirements

We have determined preliminary requirements froes¢hobjectives, but finalizing some requirements
will require better knowledge than is currently dsdale of the frequency of Earth-like planetg(

called eta_Earth) and the amount and distributicgxozodiacal dust. That said, we next present the
preliminary, provisional requirements based oncurent assumptions for these values.

Since we are preparing to recommend a missiontaathre from among several competing options,
these requirements are posed in a form that sémeedecision process but is different from the
traditional structure (minimum/baseline/goal regments). Specifically,

a. What we have traditionally called the minimum nossrequirements—below which the
mission has insufficient scientific merit and shibbk canceled—are herein called “Must”
requirements.

b. In place of baseline and goal (stretch) missiomiregents, we list a number of
“Discriminators,” each of which is a criterion thajpresents added value in the science
harvest.

If there is a minimum acceptable value of any Disgrator, it is included among the Musts; thus
parallel language appears often in these two rements sections. This decision process allows
candidate missions to be compared on a varietgiehsfic, technical, and programmatic criteria eve
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if they aren’t comparable in cost and capabilitd &iave very different areas of excellence. The
science-driven Musts and Discriminators are presenéext.

5 Requirements

This list is primarily based on the TPF-C STDT riegmnents, translated into the new
Musts/Discriminators form, which is described beldis form is preferred to a traditional
requirements language because we will need totsel®ission concept from among candidates with
very different strengths and maybe cost. The ptesegrcise should be viewed as a step in preparing
for that complex decision. A traditional set of uggments has typically tended to bias the selediip
emphasizing one criterion over others. A rough @mgals making an object that must fit inside a
wooden box vs. one that fits inside a bag; the sfZzbe bag allows comparisons between objects of
very different shape and dimensions, without ovepleasizing the specific shape.

5.1 Assumptions and Definitions

On the whole we will stick with the definitions 8ec 1.2 of the STDT report. They are echoed here, i
some cases with a slightly different flavor.

EID Equivalent Insolation Distance; i.e. the distametween the star and planet for which
the stellar irradiance is equal to that in our aetar system at a specified distance. For
example, at 1 AU EID in the exoplanet system, thediance is the same as that herg on
Earth, even though the true distance is largen@ller because of the star luminosity|

HZ Habitable Zone, extends from 0.75-1.8 AU (EID)
IHZ Inner HZ, extends from 0.7-1.0 AU (EID)
CumHZz Cumulative partial Habitable Zones, the sdnhe fraction of the HZ observed on each

star during the mission. This excludes repeat oasieins of the same regions of orbital
period, orientation, and phase.

CumiHZ Cumulative partial INNER Habitable Zoness gum of the fraction of the IHZ
observed on each star over the entire mission. thetdistinction between the entire
HZ and just the IHZ.

SMA Semi-major axis, half the diameter of the l@xis of an elliptical orbit.

TXP Terrestrial eXoPlanet: defined as 0.8-2&Rwith SMA in the HZ, and eccentricity
<0.2. We also adopt these assumptions: assume dNdgdand dN/dMxc 1/M, uniform
eccentricity distribution, with geometric albedoG? in the full science passband.

Candidate | Point source in region of interest with appropriatightness relative to the star.
exoplanet

Confirmed | Shows common proper motion or recognizable highspestrum. Able to distinguish
exoplanet between planets and background confusion sournds»zodiacal dust structures.
Confusion can be broken using broadband colorsiaspasolution, spectra, or proper
motion, whatever works most efficiently, high spatesolution, spectra, possibly
broadband colors or changing brightness with ph@apability to thoroughly vet a
leading candidate, not just keeping up efficiengyhickly eliminating false positives

Kuiper belt | Debris belt at >10 AU with surface Hrigess >24 mag/arcsec

HZ exozodi | Exozodi surface brightness in habitaiolee of 10x (TBR) that of a solar system twin
at median inclination, with no asymmetries. LBTkebvations are expected to reach
this sensitivity! so we should have statistically significant exdzwifhtness data to
this level. We assume every system is as brigtltiasneasurement limit.
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Confusion | Assume no confusion sources in the FOV. Discrinmmairom confusion sources is an

sources important problem to address, but our knowledgesasfficient at this time.

IWA Inner Working Angle. The minimum angular segdara from the central star at which a
faint point source has at least 50% throughput.

OWA Outer Working Angle. The maximum angular separafrom the central star at which
detection of a faint point source requires an irgggn time no more than 4x (TBR) the
value for an object of the same brightness at fitenal location within 0.5" of the stan.
For some star-suppression systems, the integratn@rises sharply beyond some
angular radius, the Nyquist angle given by the aeédle mirror size.

8-mag The brightness ratio given in magnitudes betweercéntral star and a faint point
source that can be detected with high confidenbies dan vary with angle from the star

SNR Signal to noise ratio

FAP False alarm probability, the probability thagiant source that appears to be a planef
would turn out to be something else.

“‘Detect” a SNR compatible with FAPs of 1% (TBR). There shdudda FAP for the planet search,

planet another for confirmed exoplanets, and anotherutly tharacterized exoplanets

TBR To be revised

TBD To be determined

5.2 Musts

The following are pass/fail bare minimum requiretsdor the mission to be considered worthy of the
effort and expense. All candidate mission concaepist meet these criteria.

M1

M2

M3

ExoPAG Flagship SAG Report

Able to detect an Earth twin at quadrature Bodar System twin at a distance of 10 pc

Rationale: “Pushpin” in the middle of the performance rangguired by M3. That is, any
observatory able to meet M3 should naturally mieistas well.

Comment: Not a driving requirement, but helpful to commuatewith NASA and taxpayers.

Mapsto: O1

Able to detect a Jupiter twin at quadrature Bodar System twin at a distance of 10 pc
Rationale: “Pushpin” in the middle of the performance rangguired by M3.

Comment: Not a driving requirement, but helpful to commuatewith NASA and taxpayers.
Mapsto: O7

Examine at least 14 CumHZs to detect point ssswgith TXP sensitivity

Rationale: Matches the STDT’s Requirement 3 for a minimumsiois (81.4.2), with optimistic
Ne=20%. We chose this case for the Musts, so thedsadapable mission can still pass the
Musts and be considered. This case also yields 585%ability of seeing at least one TXP
assumingne =20%, and also offers a good chance of seeingaelVEPs.
NB: the IWA ands-mag needed to satisfy M3 are also sufficient tectanany giant
planets outside the HZ.

Comment: If ng =20%, the expected value of the number of TXPsaledl is 2.8. The
probability of seeingit least one TXP can be estimated by

P(1:CumHZne) = 1 - P(0;CumHZne) = 1-(1+e)""™"% = 1-0.8* = 95.6%

Note that our “optimistiche is supported by a preliminary analysis of the ¢eplat,
which argues for a value of more than 30%.
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M4

M5

M6

M7

M8

Mapsto: O1, O7

Examine at least 3 (TBR) CumIHZs to detect psmirces with TXP sensitivity

Rationale: We want to ensure that not all of the partial l¢Xamined are in the outer HZ, 1-2
AU (EID). As with M3, this establishes capabilitiggt allow giant outer planet detection.

Comment: 3 was chosen semi-arbitrarily; this warrants ntboeight, and a capability
assessment. At least we would like this numberwhi{EZs to be naturally consistent with
the capability of a mission that is sized to me&tabove, assuming a reasonable
distribution of SMA within the HZ.

Mapsto: O1, O7

Characterize every discovered candidate exoplan&>=4 spectroscopy (color photometry)
across a passband from 0.5 pm to the maximum feas#velength less than 1.0 um.
Rationale: Require_instrumentation and time allocation temait this measurement on every
planet found, large or small. Long wavelengths fo@yinreachable due to IWA or red leak.
Comment: Some are concerned that this “do whatever you learguage has no teeth. But
others are concerned that alternative languagdead to impossible requirements.
Mapsto: O3, O4, O8

Able to characterize the “Earth” in a Solar ®ysttwin at 5 pc (TBR) and the “Jupiter” in a

Solar System twin at 10 pc by R>70 spectroscopysscd.5-1.0pum

Rationale: Require instrumentation and enough observing fonene such measurement.
Assume favorable conditions in which IWA and brigdgs are not a limitation. The second
clause about Jupiter connects a Must to O8, bugxpect the mission to meet this easily.

Comment: Pushpin for hypothetical optimistic case. Notfaillnd planets will be reachable by
spectroscopy to 1.0um because of IWA limitationg;ibIWA scales withk, then detection
at 10 pc ah.=0.5um is equivalent to 5 pcat1.0um. Similarly,

(10 pc): (0.5p) / (0.94p) = | 5.3 pc | HO

(10 pc)- (0.5p) / (0.76p) = | 6.6 pc | Q
The 10 pc distance chosen for Jupiter is fairhyteary, not challenging in photometry or
IWA. Its purpose was just to make a requiremenbider giant planet spectroscopy. Also
note that for some mission concepts, IWA is apprately independent of wavelength
across a wide range.

Mapsto: O6, O8

Able to determine the orbital SMA to 10% for thearth" in a Solar System twin at 6.5 pc

Rationale: Like in STDT 81.4.2 (4)

Comment: Pushpin for hypothetical optimistic case. We dexthat this knowledge has value,
but our intent at this time is that IWA will not lbiee main challenge; it just requires
instrumentation for star-planet angle measurementsan adequate observing strategy.
The 6.5 pc distance is fairly arbitrary in meetihgt intent.

Mapsto: O1, 02, O4

Able to measure £A-band equivalent width to 20% for the “Earth”edngation in a Solar
System twin at 6 pc.
Rationale: Establish measurement sensitivity to a key biomaskectroscopic signature.
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M9

M10

M11

M12

Comment: If IWA scales with), and the planet can be detected at 10 ps@i5um, then it can
be detected at 6 pc &t0.83um, which is sufficient to span the ®band at.=0.76um.
Mapsto: O6

Able to measure D equivalent width to 20% for the “Earth” at elotiga in a Solar System

twin at 5 pc and the Cfequivalent width in a “Jupiter” in a Solar Systemin at 10 pc.

Rationale: Establish measurement sensitivity to a key biomaskectroscopic signature. Was
not included in STDT 81.4.2, but it could be assugriWA scales proportional to.

Comment: If IWA scales with), and the planet can be detected at 10 ps@i5um, then it can
be detected at 5 pc &t1um, which is sufficient to span the® band at 0.94um.
Likewise, there is a strong GHand at 0.889 um, which we expect to be accessilfles”
working angle.

Mapsto: O6, O8

Conduct a search that has at least 85% (TB&Yatnility of finding at least one TXP and

measuring its color at R=4 and measuring its SM#W\wb% uncertainty (TBR) and measuring

its spectrum (0.5-0.8um)(TBR) with>RR0 and 20% (TBR) spectrophotometric uncertainty.

Rationale: The combination of several key measurements orptamet. This is full of TBRs,
which will require a lengthy analysis to resolvet I illustrates a tasty minimum
likelihood of finding and coarsely-but-fully chataazing a TXP. This implicitly constrains
search depth, time allocation, and characterizatagability.

Comment: This is much more difficult than M3—being ablenb@asure color, SMA, fine
spectrum to 0.8um, and 20% photomedityon the same TXP. If we don’t scale back the
parameters in this case, the observatory will nedrstrongly by this requirement, and
likely go well beyond the other requirements. Wi don’t know that a planet exists with
characteristics that are favorable for all of these&surements together, so we can't
assemble requirements that will get that one pjdnétagain we can substitute
probabilities for the scientific unknowngg and orbit/IWA), and then estimate the
statistical likelihood of it for any mission condep

Mapsto: O1, 02, O3, 04, O6

Absolute photometry of “Earth” at maximum elatign in a Solar System twin at 8 pc to 10%

Rationale: Like in STDT 81.4.2 (6), which refers to an Ednthin in a Solar System twin at 8
pc. Pushpin to fix a calibration requirement

Mapsto: O3

Able to guide on the central star as faint ag216 (TBR) for high contrast imaging at

degraded sensitivity.

Rationale: Contrast for disk science is not as demanding@a$XP science, but generally
demands a wider range of stars, often much fathter TXP target stars.

Comment: We need further conversation with the SAG 1 teelai@acterization of exozodi
disks). We hope this will also prompt a capabiissessment. We are hoping for graceful
degradation of coronagraphy with central star naglei. A goal is sensitivity to mag 30
point sources in the neighborhood of a star ofraagnitude.

Mapsto: O9, 010, O11
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M13 Capable of high-contrast optical imaging ofeexted structures with surface brightness
sensitivity of (TBD of the star) at > TBD arcseorfr the central star.
Rationale: Disk science
Comment: We need further conversation with the SAG 1 teelai@acterization of exozodi
disks). Probably need a few such benchmarks omve .cu
Mapsto: O9, 010, O11

N.B. there are no Musts for a number or percentdgenfirmed exoplanets. Confirmation is a knotty
problem, not well understood, and it may proveliapa challenge for the first mission we can afford
We would still get a list of exoplaneandidates and a significant scientific and technical stepviard.
See the mapping of Musts to Objectives at the dildeonext section.

5.3 Discriminators

The following are Discriminators, which are not /il but numerically scored based on quantitative
or semi-quantitative metrics. The metrics are etgreto be well-defined and unambiguous, like
observatory mass, number of launch vehicles, numibscience observations in 5 years, etc., and
should be defined in a way that is applicable te@hcepts.

The scores are rooted in those metrics and aréyidlveloped by consensus, but often fairly
subjectively. Scores are a layer of abstractiomftbe metrics, to allow many Discriminators to be
taken into consideration together, even though thay be of a dramatically different character. The
set of Discriminators should be complete enoughiltw each mission concept to accrue points for all
of its strengths.

A set of weights are also developed by consensusstedlect the relative importance of each
Discriminator to the outcome of the mission. Eadgbcbminator has a numerical weight which applies
to all concepts for that Discriminator. For eachaept, a dot-product of the column of scores with
these weights yields a single number, a composdeegor the concept, which is the basis for chogsi
a mission concept. The scores and weights aresodijlective, but we will conduct extensive tests of
fiddling with these numbers to see how sensitiwefihial conclusion is to minor changes. If at the e
we are comfortable that the decision rests on juelgathat we all believe, we are ready to report a
decision with confidence.

D1 Number of CumHZs searched to TXP sensitivity
Rationale: Beyond the minimum in M3, we want a deeper seéraire CumHZs) to get more
planets
Comment: An earlier version of this requirement specifieshi@aimuma-mag, but this was
deemed redundant and overspecifying. We prefetssahg close to (a) the probability of
at least one planet and (b) the expected valueeofiimber of planets.
Mapsto: O1, O7

D2 Number of CumIHZs searched to TXP sensitivity
Rationale: Similarly, we want a deeper search of the IHZMA. - more CumIHZs fills in the
inner planets
Mapsto: O1, O7
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D3

D4

D5

D6

D7

D8

D9

Minimum brightness of exoplanet that is deteletath angles in the range from 1-2xIWA

(TBR).

Rationale: Ability to see fainter point sources improves tlepth of search (cf. M3, M4) and its
completeness down to small sizes; also improvesactexization by virtue of seeing more
of the orbit. Typicallyd-mag = 26, but largei-mag gets more planets.

Mapsto: O1, O7

Number of candidate exoplanets that are confirme

Rationale: Establish the capability to do measurements tdirrorcandidate exoplanets.

Comment: See definition of “Confirmed.” Confirming every @xanet system could be very
demanding for some mission concepts. Relaxingniisber may leave many planet
candidates unproven until a followup mission.

Mapsto: O1, O7

Number of discovered exoplanets characterizel4 spectroscopy (color photometry) across

the full 0.5-1.0um

Rationale: See M5. If there’s any limitation or difficulty’'s better to characterize more planets
by color.

Mapsto: O3, O4, O8

Number of discovered TXPs that can be charagdry R>70 spectroscopy across the full 0.5-
1.0 um
Rationale: See M6. It’s better to characterize more planatsie presence of 8, e.g. by
having a small IWA. These capabilities also aidd¢haracterization of giant planets outside
the HZ.
Comment: Again, this is a statistical estimate based ofriligions and observing scenarios.
Mapsto: O6, O8

Number of discovered TXPs characterized by Rspértroscopy across 0.5-0.85 um

Rationale: See M7. It’s better to characterize more plangt®beven if HO is inaccessible.
These capabilities also aid the characterizatiagiaft planets outside the HZ, e.g. via
methane at 728, 793, and 863nm, and water at 830 nm

Comment: Again, statistical estimate based on distributiand observing scenarios.

Mapsto: O6, O8

Extended passbands to NIR and NUV

Rationale: Some mission concepts are capable of TXP sengifiuither into the IR or the UV.
This can provide more atmospheric absorption bandsother information about the
planet and exozodi.

Mapsto: O6, O8

Number (or percentage) of found candidate exmiafor which we can test for common

proper motion

Rationale: See D4 and the definition of “Confirmed.” Commawomer motion is the gold
standard for proving the object is a true comparsome alternatives were listed above.
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Comment: We don’t know how many candidates will be detecsedwe should not pin
ourselves to a fixedumber. And in an exoplanet-rich scenario, confirming i@imum
percentage may be a challenge.

Mapsto: O1, O7

D10 Number of found planets whose orbital SMA cardbtermined with +£10% uncertainty (TBR)
or better.

Rationale: This may be difficult because of the number oitsisequired. This depends on
agility for multiple revisits, confident detecti@ach time, and accurate planet-star relative
astrometry.

Comment: Perhaps also give credit for even finer SMA deteation.

Mapsto: O1, 02, O4

D11 Number of TXP masses determined to TBD%

Rationale: Measurement of the host star’s astrometric wolsbilee gold standard for exoplanet
mass determination(Indirect methods have been proposed, but areevaifite to scientific
uncertainties.) No existing well-developed misstoncepts are believed capable of
providing this astrometric information, so theregsMust or minimum requirement for
this knowledge. But if we can demonstrate conviglsithat one or more concepts could
provide this, we should give high scores for that.

Mapsto: O4, O5

D12 Number of discovered TXPs characterized by labs@hotometry
Rationale: See M10 — we want more planets characterized bglate photometry
Comment: Again, statistical estimate based on distributions
Mapsto: O3, O4

D13 Number of giant exoplanet candidates detectétkoEarth target systems
Rationale: We want the capability to detect and charactaxizariety of giant planets,
especially to see if there are correlations betwbkerpresence and nature of TXPs and of
giant planets. Also establishes the virtue of gdaatio OWA/IWA.
Mapsto: O7, O8, O11

D14 Number of Kuiper Belts imaged in ExoEarth taigestems
Rationale: Of course we want to detect many examples of iandrouter debris disks, but we
especially want to see if there are correlationta/een the presence and nature of TXPs
and of Kuiper Belts. Also establishes the virtuadérge ratio OWA/IWA.
Comment: We haven’t defined “Kuiper Belt” by a range of cheteristics.
Mapsto: 09, 010, O11

5.4 Mapping of Musts and Discriminators to Objectives

Note that all rows in the following tables havdeatst one check mark. Also, all columns except O5
have at least one check markeath table; O5 is captured in D11, and its absence tf@rMusts is
explained in the rationale for D11.
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Science Objectives
21 3|14 |5 6|7 |8]9|10|1

Musts

M1: detect Earth twin
M2: detect Jupiter twin
M3: 14 CumHZs

M4: 3 CumIHZs

M5: colors V| v
M6: fine spectra v
M7: orbital SMA V| v v
M8: oxygen
M9: water
M10: all on 1 planet v | v
M11: absol photometry
M12: guide on faint star
M13: surface brightness

AN

<<
ISANAN

NN

NSRNEN
\

NN

NN
NN
NN

Discriminators
D1: # CumHZs
D2: # CumIHZs
D3: maxd-mag
D4: # confirmed
D5: # planets, 4 color v | v
D6: # planets, full spectr;
D7: # planets, part spectra
D8: NIR and NUV
D9: common PM v v
D10: # orbit SMA v | v v

D11: # astrometric mass v | v
D12: # absol photometry, v | v

D13: # giants w/ TXPs v | v
D14: # KuiperB w/ TXPs v | v

AN
ANIANERNERNEN

o

ANANEN
ASENANAN

NN

6 Conclusion

We believe this captures most of the features vigeMa a flagship mission concept, and prepares a
process for selecting the best one. But of cowveegxpect modifications and additions to thisdist
our understanding improves.

More importantly, recent programmatic developmdratge motivated a look at how a smaller mission
(1.5-2.5m telescope) might achieve some of thegeeties in the near term, in lieu of a flagship
which might take much longer. Indeed, a particakaw 2.4m telescope opportunity seems like a
possible path, but it would require great flextlyiland compatibility with other astronomy objecgve
This will make the selection of a planet-findingthmed even more exciting and more complicated at
the same time.
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